CCCH-type zinc finger proteins are important for developmental and environmental responses. However, the precise roles of these proteins in plant stress tolerance are poorly understood. Arabidopsis thaliana Oxidation-related Zinc Finger 2 (AtOZF2) (At4g29190) is an AtOZF1 homolog previously isolated from Arabidopsis, which confers oxidative stress tolerance on plants. The AtOZF2 protein is localized in the plasma membrane, as is AtOZF1. Disruption expression of AtOZF2 led to reduced root length and leaf size. AtOZF2 was implicated to be involved in the ABA and salinity responses. atozf2 antisense lines were more sensitive to ABA and salt stress during the seed germination and cotyledon greening processes. In contrast, AtOZF2-overexpressing plants were more insensitive to ABA and salt stress than the wild type. Interestingly, in the presence of ABA and salt stress, the transcript level of ABA insensitive 2 (ABI2), but not that of ABI1, in AtOZF2-overexpressing plants was lower than that in the wild type, whereas the expression of ABI2 in atozf2 was significantly enhanced. Thus, AtOZF2 is involved in the ABA and salt stress response through the ABI2-mediated signaling pathway. Taken together, these findings provide compelling evidence that AtOZF2 is an important regulator for plant tolerance to abiotic stress.
Introduction
Crop production can be severely affected by adverse environmental conditions such as salinity, drought and oxidative stress. These stresses bring about a series of change to plants that affect their molecular, morphological and physiological processes, finally resulting in deficient plant growth and development (Wang et al. 2003) . Meanwhile, a second stress (usually osmotic or oxidative) caused by stress conditions perturbs the structural and functional stability of membrane proteins and disrupts cellular homeostasis (Zhu 2002, Yamaguchi-Shinozaki and Shinozaki 2006) . As a consequence, overlapping cell signaling pathways and cellular response are activated, including the accumulation of compatible solutes and the production of antioxidant compounds (Zhu 2002) .
The phytohormone ABA is the central regulator of abiotic stress tolerance in plants, and coordinates a complex regulatory network enabling plants to cope with these forms of abiotic stress (Miller et al. 2007 , Cutler et al. 2010 , Hubbard et al. 2010 . Much recent progress in the characterization of ABA signal transduction indicates that the earliest events of the signaling pathway occur through a central signaling module made up of three protein classes: the family of PYRABACTIN RESISTANCE 1 (PYR1)/PYR1-LIKE (PYL)/REGULATORY COMPONENTS OF ABA RECEPTORS (RCAR) ABA receptors, the clade A of protein phosphatases type 2Cs (PP2Cs) and three ABA-activated protein kinases from the Sucrose nonfermenting 1-related subfamily 2 (SnRK2) (Hubbard et al. 2010 , Dupeux et al. 2011 ). In this model, the PYR/RCARs act as ABA receptors, the PP2Cs act as negative regulators of the pathway and SnRK2s act as positive regulators of downstream signaling (Cutler et al. 2010 , Hubbard et al. 2010 . Under normal conditions, clade A PP2Cs can interact with and dephosphorylate three SnRK2s/Open Stomata 1 (OST1), reducing their catalytic activity (Umezawa et al. 2009 , Vlad et al. 2009 , Dupeux et al. 2011 . The increase in ABA levels in the plant cell leads to the PYR/PYL/RCAR receptor-mediated inhibition of the PP2C activity that results in the activation of the three SnRK2s and ultimately of the ABA signaling pathway (Park et al. 2009 , Umezawa et al. 2009 , Vlad et al. 2009 , Dupeux et al. 2011 . Upon activation, the SnRK2s directly phosphorylate transcription factors which bind to ABA-responsive promoter elements, and components of the machinery regulating stomatal aperture such as the anion channel SLAC1 (SLOW ANION CHANNEL-ASSOCIATED 1) , Fujita et al. 2009 ). In addition, the plasma membrane is an important site for ABA perception, although direct biochemical evidence has shown that ABA can also be sensed in the plastid or the nucleus (Xin et al. 2009 , Hubbard et al. 2010 . However, many of the cellular components and genes involved in ABA reception and downstream transduction have yet to be well characterized.
Recently, we described the functional characterization of a plasma membrane-localized CCCH-type zinc finger (ZF) protein, which has been designated Arabidopsis thaliana Oxidation-related Zinc Finger 1 (AtOZF1) (Huang et al. 2011) . Functional studies demonstrated that AtOZF1 participates as a positive regulator of oxidative stress by participating in the detoxification of hydrogen peroxide (H 2 O 2 ), as well as a possible modulator in the oxidative signal pathway. Arabidopsis encodes two different AtOZF isoforms. The AtOZF1 and AtOZF2 genes are up-regulated in response to oxidative stress (Huang et al. 2011) . Furthermore, our previous data (Huang et al. 2011) reported that AtOZF1 expression is induced by ABA and salinity. To date, there are few data on the significance of AtOZF2 in abiotic stress tolerance.
In this study, we identified an AtOZF1 homolog, designated AtOZF2 (At4g29190). AtOZF2 was shown to act as a putative novel signaling protein in ABA, salt and oxidative stress responses. The overexpression of AtOZF2 in transgenic Arabidopsis plants produced increased tolerance toward ABA and salt during seedling growth, whereas reduction in the expression of AtOZF2 induced hypersensitivity to ABA and salinity. Additionally, AtOZF2 antisense (atozf2) plants showed altered roots elongation and leaf size. These results indicate that AtOZF2 potentially functions as a signaling component between ABA signaling and the stress response.
Results

Identification of the AtOZF2 gene
AtOZF1 is required for the modulation of the tolerance of Arabidopsis to oxidative stress (Huang et al. 2011 ). AtOZF1 and AtOZF2 sequences are highly homologous, with a significant identity at both the cDNA and the amino acid level (76 and 72% identity, respectively) (Huang et al. 2011) . The full-length cDNA of AtOZF2 was 1,436 bp, and encoded a protein of 356 amino acids with a calculated mol. wt. of 40.1 kDa, which contained one C X 12C X 10C X 3H, one Cx7Cx5Cx3H and one C X 5C X 4C X 3H motif spaced 19 and 16 amino acids apart, respectively ( Supplementary Fig. S1 ). An amino acid sequence alignment among AtOZF1, AtOZF2 and AtOZF orthologs from rice and cotton is also shown in Supplementary Fig. S1 . The AtOZF1, AtOZF2, Oryza sativa delay of the onset of senescence (OsDOS) and Gossypium hirsutum zinc finger protein 1 (GhZFP1) harbor a conserved domain similar to the ZF protein, which contains tandem CCCH-type ZF motifs ( Supplementary  Fig. S1 ). All four genes belong to the CCCH-type ZF protein subfamily that is involved in responses to abiotic and/or biotic stress (Guo et al. 2009 ). Functional data have demonstrated that OsDOS is involved in delaying leaf senescence in rice (Kong et al. 2006 ) and GhZFP1 confers enhanced salt stress tolerance and fungal disease resistance in transgenic tobacco (Guo et al. 2009 ), which suggests their importance in the plant stress response.
Subcellular localization of AtOZF2 protein
To assess the subcellular localization of AtOZF2, a green fluorescent protein (GFP) reporter gene was fused in-frame to the AtOZF2 coding region to generate a GFP-AtOZF2 fusion protein in transgenic Arabidopsis plants. As shown in Fig. 1 , the fluorescence signal of the GFP-AtOZF2 construct was detected in the plasma membrane, whereas the majority of the GFP protein was located in the cytoplasm of the transgenic Arabidopsis root cells. Furthermore, in an effort to verify the expected plasma membrane localization, the root cells were plasmolyzed by salt treatment to exclude the possibility of cell wall association of AtOZF2. As is shown in Fig. 1C , the GFP fluorescence in the plasmolyzed root cells was detached slightly from the cell wall. These results demonstrated that the subcellular localization of AtOZF2 is the same as that of GFPAtOZF1 as a plasma membrane-localized protein (Huang et al. 2011 ). Thus, it may share a similar function with AtOZF1 in the abiotic stress response.
Analysis of b-glucuronidase (GUS) activity
To gain insight into the function of AtOZF2, its expression pattern was initially assessed by histochemical GUS staining of Arabidopsis transgenic plants harboring the AtOZF2 promoter-GUS fusion construct. Analysis of the transgenic plants revealed strong GUS activity in the leaves and, in particular, in the root vascular system, but not in the root tip ( Fig. 2A-F) . In fully expanded rosette and cauline leaves, GUS activity was generally more prominent at the vein regions (Fig. 2D, E) . In flowers, GUS staining was observed in the tip region of the style and the vein of sepals, but not in the petals (Fig. 2G-I ). In the silique, no GUS activity was detected in seeds, but it was strongly detected in the pedicel (Fig. 2J, K) .
The AtOZF2 gene is regulated by ABA and salt stress Previously, we reported that AtOZF1 expression is induced by abiotic stresses such as ABA and salinity (Huang et al. 2011) . To determine whether AtOZF2 expression could be induced by ABA and salinity, accumulation of AtOZF2 mRNA in 14-day-old Arabidopsis seedlings was assessed during salt and ABA treatment using quantitative real-time PCR (qPCR). As shown in Fig. 3A , in ABA-treated samples, the AtOZF2 transcript reached its maximum level at about 3 h, but slightly declined thereafter. An NaCl concentration of 150 mM resulted in a significant induction of AtOZF2 in whole seedlings within 6 h of salt treatment, with a marginal decline at 9 h (Fig. 3B) . The stress-inducible Responsive to Desiccation 29A (RD29A) or RD29B genes (Lim et al. 2010 ) were used as a control for the abiotic stress treatment (Fig. 3C, D) . Correspondingly, GUS activity of AtOZF2 promoter-GUS transgenic plants was also enhanced during ABA or salt treatment, which was determined by a fluorimetric assay ( Supplementary Fig. S2 ). These results strongly suggest that AtOZF2 is regulated by ABA and salinity.
Knockdown of AtOZF2 reduces root length and leaf size
To investigate the in vivo function of AtOZF2, AtOZF2 overexpression was induced in Arabidopsis under the control of the 35S promoter. Ten homozygous lines (T 3 generation) were obtained, and two lines (OX2-6 and OX25-4) exhibiting high levels of transgene expression ( Fig. 4A) were selected for phenotypic characterization. Furthermore, in an effort to evaluate the functional consequence of the loss of AtOZF2, atozf2 antisense lines were generated using the full-length cDNA sequence. AtOZF2 expression was assessed by RT-PCR in two randomly selected independent atozf2 antisense transgenic lines (as6-1 and as15-1). AtOZF2 expression was knocked-down in the antisense lines (Fig. 4B) . Pleiotropic abnormal growth phenotypes were observed in these antisense lines, including smaller rosette leaves and reduced primary root length (Supplementary In order to induce plasmolysis of the root cell, GFP-AtOZF2 transgenic seedlings were incubated with 4.5 M NaCl solution for 5-10 min prior to GFP analysis. Four-day-old transgenic seedlings grown on MS agar plates were analyzed for GFP expression using confocal microscopy. Confocal and bright-field images of GFP fluorescence were simultaneously acquired and superimposed. Scale bar: 20 mm.
Fig. S3).
The primary root length of each seedling was measured 4 d after germination. As shown in Fig. 4C , the root length of the AtOZF2-overexpressing line (OX2-6) was slightly longer than that of the wild type (WT), whereas the primary root elongation of the atozf2 antisense line (as6-1) reached only 59% of that of the OX2-6 lines. In addition, the size of rosette leaves in the atozf2 antisense line was significantly smaller than those of the WT and the AtOZF2-overexpressing line ( Fig. 4D, E) . These results strongly bolster the concept that the AtOZF2 gene may perform a crucial function in the regulation of plant growth of Arabidopsis.
Overexpression of AtOZF2 confers high tolerance to abiotic stress
We have previously shown that AtOZF1 is required for the modulation of the tolerance of Arabidopsis to oxidative stress (Huang et al. 2011) . To determine whether AtOZF2 transgenic plants could be related to oxidative stress, the H 2 O 2 -induced damage was evaluated by measuring the rate of cotyledon greening. As the seeds of the WT, atozf2 (as6-1) and AtOZF2-overexpressing (OX2-6) plants were germinated on Murashige and Skoog (MS) medium (Murashige and Skoog 1962) containing 0-5 mM H 2 O 2 , the germination ratio among WT, atozf2 and AtOZF2-overexpressing plants was similar and acceptable on MS medium ( Supplementary Fig. S4A , B). The comparison of the atozf2 line with WT and AtOZF2-overexpressing plants demonstrated that fewer cotyledons expanded and turned green at 5 d after germination when grown on MS medium containing 3 or 5 mM H 2 O 2 ( Supplementary Figs.  S4A, B) . These results showed that the atozf2 antisense lines were more likely to be sensitive to oxidative stress than is the WT and AtOZF2-overexpressing plants.
In order to investigate the molecular changes associated with oxidative stress, we evaluated two genes, APX1 and AtGSTU5, both of which are induced by various environmental stresses (Rizhsky et al. 2004 , Sappl et al. 2009 ). The transcripts of the APX1 gene, cytosolic ascorbate peroxidase 1, are elevated by H 2 O 2 , heat, wounding, paraquat and osmotic stress (Rizhsky et al. 2004) . Additionally, the Arabidopsis thaliana Glutathione S-transferase class tau 5 (AtGSTU5) gene accumulates in plants exposed to H 2 O 2 (Sappl et al. 2009 ). The transcript levels of stress-inducible genes, including APX1 and AtGSTU5, displayed stronger induction in AtOZF2-overexpressing OX2-6 and WT plants than in atozf2 antisense (as6-1) plants following H 2 O 2 treatment, whereas the expression of the two genes was less induced in the atozf2 antisense plants than in the WT plants ( Supplementary Fig. S4C ). These observations strongly support the notion that AtOZF2 regulates the expression of these stress marker genes under oxidative stress conditions.
To assess the effects of AtOZF2 expression on salt stress, the seeds of the WT, atozf2 and AtOZF2-overexpressing plants were germinated on MS medium containing 150 mM NaCl. The cotyledon greening efficiency of the WT was only slightly above 20% at 5 d after germination. Fewer than 6% of the atozf2 antisense plants (as6-1) remained alive, and only 4% of the atozf2 cotyledons (as15-1) expanded and turned green, as compared with 37-45% in OX2-6 and OX25-4 (Fig. 5A, B) . These results indicated that the atozf2 antisense line was more likely to be sensitive to salt stress than was the WT. However, the AtOZF2-overexpressing plants were more resistant to exogenous salt stress than were the WT and atozf2 antisense plants.
To characterize further the sensitivity of the atozf2 antisense lines to ABA stress, we evaluated the responses to treatment with various ABA concentrations. As the seeds of the WT, atozf2 (as6-1, as15-1) and AtOZF2-overexpressing plants (OX2-6, OX25-4) were germinated on MS medium containing 0-2 mM ABA, the relative reduction in the cotyledon greening of the atozf2 plants in response to ABA treatment was more profound than was observed in the WT and AtOZF2-overexpressing plants at 5 d after germination (Fig. 6A-C) . In the WT plants, the cotyledon greening efficiency dropped to 70.8, 41.8 and 0% relative to the untreated plants (100%), whereas the cotyledon greening efficiency of AtOZF2-overexpressing plants was 91-95.6, 79-82 and 23-25%, respectively, of control levels with the various experimental concentrations of ABA (Fig. 6C) . However, the cotyledon greening efficiency of atozf2 antisense lines was reduced to 8.3-11, 3-4.3 and 0%, respectively, of that of untreated plants with the different concentrations of ABA (Fig. 6C) . These results are consistent with the idea that AtOZF2 is a necessary component for the regulation of developmental growth under abiotic stress. The extent of the ABA-induced damage was also evaluated by measuring the seed germination rate. The germination percentage of atozf2 lines was much more affected than that of WT and AtOZF2-overexpressing plants by treatment with 1 mM ABA. However, the germination percentage of AtOZF2-overexpressing plants was higher than that of the WT (Fig. 6D) . Fig. 6D also indicates that the germination of atozf2 lines was more sensitive to an even lower concentration of ABA than that of the WT, and the germination of AtOZF2-overexpressing plants was more resistant to ABA than that of the WT. These results strongly demonstrate that the AtOZF2 gene is required for ABA regulation of seed germination in Arabidopsis.
Enhanced expression of ABI2 mRNA in the atozf2 antisense line ABA insensitive 1 (ABI1) and ABI2 are type 2C protein serine/ threonine phosphatases that act as key regulators in the response of A. thaliana to ABA (Merlot et al. 2001) . To determine whether ABA signaling is responsible for the induction of abiotic stress tolerance in AtOZF2-overexpressing plants, we assayed expression of these genes using qPCR to quantify the relative levels of ABI1 or ABI2 mRNA. As shown in Fig. 7A , ABI1 was expressed in both transgenic plants [AtOZF2-overexpressing (OX2-6) and atozf2 antisense (as6-1) lines] similar to that in the WT after the application of ABA or NaCl, suggesting that the AtOZF2 gene does not affect their responses to ABI1 expression. In contrast, ABA-or NaCl-induced expression of ABI2 was reduced in AtOZF2-overexpressing plants, compared with expression in WT and atozf2 plants (Fig. 7B) . These observations suggest that AtOZF2 suppresses ABA-or NaCl-induced ABI2 expression. Therefore, it is likely that AtOZF2 participates in ABA and salt stress responses through a ABI2-mediated signaling pathway.
Effects of salt and ABA on stress-related genes
It has been relatively well established that the expression of the RD20, RD29A, RD29B and Responsive to ABA 18 (RAB18) genes is induced by ABA, salt and water stress conditions (Yamaguchi-Shinozaki and Shinozaki 2006, Lim et al. 2010) . Supplementary Fig. S5 shows that the time-course transcript levels of stress-inducible genes, including RD29A, RD29B and RAB18, displayed enhanced induction in AtOZF2-overexpressing lines (OX2-6, OX25-4) compared with the WT and atozf2 lines (as6-1, as15-1) following salt or ABA treatment at 6 or 12 h, whereas the expression of the three genes was less induced in the atozf2 antisense lines than in the WT and AtOZF2-overexpressing plants. The expression levels of RD20 in WT and AtOZF2-overexpressing plants under salt or ABA stress seemed to be very similar. In contrast, transcription of the RD20 gene was slightly less induced by salt or ABA treatments in the atozf2 lines than in the WT and AtOZF2-overexpressing plants. These observations support that AtOZF2 acts positively on ABA or salt stress-related genes.
Discussion
In an effort to identify the novel components involved in abiotic stress tolerance in Arabidopsis, we have identified one abiotic stress-inducible gene, AtOZF2, for functional analysis. The present study characterized this gene. The features of AtOZF2, i.e. its sequence similarity to the CCCH-type ZF AtOZF1 protein, made it a logical candidate for a positive regulator of response to the injury process.
Considering the great similarity between AtOZF1 and AtOZF2 ( Supplementary Fig. S1 ), it was appropriate to consider whether AtOZF1 and AtOZF2 perform a similar function in the oxidative stress response. As expected, atozf2 antisense lines were more sensitive to various concentration of H 2 O 2 than the WT, whereas AtOZF2-overexpressing plants displayed enhanced tolerance to oxidative stress ( Supplementary Fig.  S4 ). Enhanced oxidative stress tolerance is associated with abundant expression of genes that are involved in the oxidative stress response in plants (Miller et al. 2007) . Here it was shown that the transcript levels of oxidation-inducible genes, including APX1 and AtGSTU5, displayed stronger induction in AtOZF2-overexpressing plants following H 2 O 2 treatment ( Supplementary Fig. S4 ), suggesting that AtOZF2 can participate in or amplify the signal required for activating the expression of oxidative stress-related genes.
Even though AtOZF1 and AtOZF2 share a similar expression profile in response to abiotic stress ( Fig. 3; Huang et al. 2011) , their biological functions may not fully redundant, because knockdown of AtOZF2 leads to a growth defect compared with WT plants, in terms of reduced root length and smaller leaf size during the seedling stage (Fig. 4) . Organ size is an important part of biodiversity and is a final result of the interaction between organisms and their environment. Plants are not able to move; therefore, their organ development greatly depends on the environmental conditions (Guan et al. 2009 ). The fact that the overexpression of AtOZF2 led to plant organ size enlargement suggests that AtOZF2 may play a role in cell expansion and represent a new protein that may possibly be involved in organ size regulation in Arabidopsis. In the seedling stage, AtOZF1 was preferentially expressed in young leaves whereas AtOZF2 was expressed more strongly in old leaves; AtOZF1 expression seems limited in green organ and aerial tissues, whereas AtOZF2 is expressed in most organs throughout all development stages (Fig. 2, Supplementary Fig. S6 ). These data suggest that each AtOZF may fulfill specific functions at the spatial and temporal level during plant development and/ or in response to environmental stresses.
AtOZF2 was found to be a plasma membrane protein (Fig. 1) , as is AtOZF1 (Huang et al. 2011) . Previous studies have shown that signaling events occur at the plasma membrane in extracellular ABA perception (Hubbard et al. 2010) and the membrane proteins that respond to stresses have putative roles in the repair and protection of membranes, as well as signal transduction (Nohzadeh Malakshah et al. 2007 , Osakabe et al. 2010 . Several of the present results support (A) Seeds were sown on MS agar plates supplemented or not with 150 mM NaCl and allowed to grow for 5 d. The photograph shows that AtOZF2-overexpressing plants show better development and are greener than the wild type (WT) and the antisense allele (atozf2) under salt stress conditions. (B) Salt stress effect on cotyledon greening. Seeds were sown on MS agar plates supplemented without (À) or with (+) 150 mM NaCl and permitted to grow for 5 d, and seedlings with green cotyledons were counted (triplicates, n = 50 each). Error bars represent the standard deviation. Differences between WT and transgenic plants grown in the same conditions are significant at the P < 0.001 (*) level. the suggestion that AtOZF2 can regulate the abiotic stress response through an ABA-dependent signal transduction pathway (Figs. 5-7) . Our study also demonstrated a distinct difference in the expression of RD29A, RD29B, RD20 and RAB18 genes between the AtOZF2-overexpressing transgenic line and the atozf2 antisense line upon exposure to exogenous abiotic stresses (Supplementary Fig. S5 ). Previous genetic studies have shown that various negative regulators, such as ABI1, ABI2, RHO-related protein from plants 10 (ROP10) and Arabidopsis RAC-like 1 (AtRAC1), regulate important steps of the ABA signal transduction pathway (Cutler et al. 2010 , Hubbard et al. 2010 . These negative regulators participate in the ABA signaling cascade under normal growth conditions. Among these genes, ABI1 and ABI2 are type 2C serine/threonine phosphatases that act as key regulators in the responses of Arabidopsis to ABA (Merlot et al. 2001) , salt stress (Ohta et al. 2003) and H 2 O 2 (Meinhard et al. 2002) . The abi2 mutation disrupts the protein kinase-phosphatase interaction, causing increased tolerance to salt shock and ABA insensitivity (Ohta et al. 2003) . The reduced expression of ABI2, but not ABI1, by AtOZF2 upon exposure to exogenous ABA and salt might provide evidence that AtOZF2 participates in the ABA and salt stress responses through an ABI2-mediated signaling pathway (Fig. 7) .
It is well known that ABA-dependent stomatal closure is associated with small signaling molecules (also known as secondary messengers), such as reactive oxygen species (ROS) (Hubbard et al. 2010) . ABA-induced stomatal closure is dependent on two plasma membrane NADPH oxidases (RbohD and RbohF) (Kwak et al. 2003 ) that generate ROS in the cell wall space. ABA-induced increases in ROS are abolished in the ost1-2 mutant (Mustilli et al. 2002) , indicating that SnRK2s function upstream of ROS production. A recent study showed that RbohF is a direct target of OST1; they can interact physically Comparison of germination rates of WT, two atozf2 and two AtOZF2-overexpressing seeds after exposure to different concentrations of ABA. Germination was defined as complete protrusion of the radicle, and the germination was scored at 3 d. Data represent means and the standard deviation of three independent experiments (50 seeds per point). Differences between WT and transgenic plants grown in the same conditions are significant at the 0.005 > P > 0.001 (*) or the P < 0.001 (**) level.
in BiFC (bimolecular fluorescence complementation) assays ). Recent research revealed that AtGPX3 physically interacts with ABI2 and, to a lesser extent, ABI1. The atgpx3 mutation disrupts ABA activation of calcium channels, and exhibits a higher rate of water loss under drought stress and higher sensitivity to H 2 O 2 treatment during seed germination and seedling development (Miao et al. 2006) . Interestingly, in the present study, the ABI2 transcript level was also reduced by AtOZF2 in response to oxidative stress ( Supplementary Fig. S7 ). These observations indicate that AtOZF2 might play a dual role or distinctive roles in H 2 O 2 homeostasis, acting as a general regulator or specifically relaying the H 2 O 2 signaling as an oxidative signaling transducer in ABA and salt stress signaling.
The expression of AtOZF1 and AtOZF2 in the ABAinsensitive mutant abi2-1 was slightly up-regulated under normal conditions and was significantly enhanced in the presence of ABA and salinity ( Supplementary Fig. S8 ). These observations support the notion that AtOZF1 and AtOZF2 act in an ABA-dependent manner and may participate in a feedback loop regulated by ABI2 under stress conditions. Under stress conditions, expression of AtOZF2 was enhanced, which inhibited ABI2 expression (Figs. 3, 7, Supplementary Fig. S7 ). Subsequently, the decreased ABI2 transcript affected downstream signal pathway transduction and conferred plant abiotic stress tolerance. On the other hand, a feedback loop may occur through ABI2 and other intermediate molecules, which would lead to an up-regulated transcript of AtOZF2 ( Supplementary  Fig. S8) . Overall, the physiological functions of AtOZF2 appear to be worthy of further elucidation through identification of ABI2 downstream target molecules.
Materials and Methods
Plant materials, growth conditions and stress induction
Arabidopsis thaliana ecotype Columbia (Col-0) plants were grown in growth chambers under intense light at 22 C, 60% relative humidity and a 16 h day length. The plants were challenged with salt by submersion of 2-week-old Arabidopsis seedlings in a solution containing 150 mM NaCl. Samples were obtained at 0, 1, 3, 6 and 9 h of salt stress. For ABA challenge, 2-week-old seedlings were submerged in a solution containing 100 mM ABA and sampled at 0, 1, 3, 6 and 9 h. For the oxidative stress treatment of Arabidopsis, 2-week-old seedlings were submerged in a solution containing 10 mM H 2 O 2 and sampled at 0, 3 and 6 h. In each case, the retrieved seedlings were immediately frozen in liquid nitrogen and stored at À80 C.
Overexpression construct of AtOZF2
Total RNA was isolated from Arabidopsis leaves using Trizol reagent (Invitrogen). Reverse transcription-PCR (RT-PCR) was utilized to obtain full-length AtOZF2 cDNA (At4g29190). The generated product was then cloned into the pGEM T-easy vector (Promega) for DNA sequence analysis. The RT-PCR primers were forward primer 5 0 -TGCTCTAGAATGATGATCGGA GAAACTCG-3 0 (XbaI site underlined) and reverse primer 5 0 -GGGGTACCTTACATGAGCAGGTCAGACAC-3 0 (KpnI site underlined). Amplification proceeded for 35 cycles consisting of 94 C, 30 s; 57 C, 30 s; and 72 C, 1 min. The PCR-amplified products were double-digested with XbaI and KpnI and were then directionally cloned into the plant expression vector pBI121. The resultant construct was introduced into Agrobacterium tumefaciens strain GV3101 by in planta vacuum infiltration (Bechtold and Pelletier 1998) . Homozygous lines (T 3 generation) from eight independent transformants were obtained, and two lines (OX2-6 and OX25-4) displaying high levels of transgene expression were selected for phenotypic characterization. Kanamycin resistance of the T 2 generation from these two selected lines segregated as a single locus.
Antisense construct of AtOZF2
The gene-specific cDNA fragment of AtOZF2 was amplified by PCR using the forward primer 5 0 -CGGGGTACCATGATGATCG Control ABA NaCI Fig. 7 Expression of ABI1 (A) and ABI2 (B) genes in AtOZF2 transgenic plants. mRNA levels were determined by qPCR using total RNA from 14-day-old seedlings, which were submerged in 100 mM ABA or 150 mM NaCl with gentle shaking for 6 h. Error bars indicate the standard deviations of three independent biological samples. Arabidopsis Actin8 was used as the internal control. Differences between the expression of ABI1 or ABI2 in 14-day-old Arabidopsis seedlings untreated (control) and treated with various abiotic stresses are significant at the 0.01 < P < 0.05 (*) or the P < 0.01 (**) level.
GAGAAACTCG-3 0 (KpnI site is underlined) and reverse primer 5 0 -GCTCTAGATTACATGAGCAGGTCAGATAC-3 0 (XbaI site is underlined). The PCR products were initially cloned into the pGEM T-easy vector and confirmed by sequencing. Then, this antisense AtOZF2 cDNA construct was released by digestion with KpnI and XbaI, and subcloned into the pBI121 vector under the control of the constitutive 35S promoter. The construct was then transformed into Arabidopsis plants, and the resultant T 3 homozygous transgenic atozf2 antisense lines (as6-1 and as15-1) were evaluated for ABA and abiotic stress sensitivity.
Phenotype analysis and stress tests
For the salt stress tests, seeds were sown on MS medium supplemented with 150 mM NaCl, grown in a growth chamber and assessed for the percentage of cotyledon greening after 5 d. Experiments were conducted in triplicate for each line (50 seeds each). For the ABA cotyledon greening or germination rate tests, seeds were sown on MS medium supplemented with 0, 0.5, 1 and 2 mM ABA, and permitted to grow in a growth chamber. Germination is defined as an obvious protrusion of the root radicle through the seed coat. The germination rate of each line was measured at 3 d. Experiments were carried out in triplicate for each line (50 seeds each). Cotyledon greening of each seedling was measured at 5 d. Experiments were conducted in triplicate for each line (50 seeds each). For the oxidative stress tests, seeds were sown on MS medium supplemented with 3 or 5 mM H 2 O 2 , grown in a growth chamber and assessed for the percentage of cotyledon greening after 5 d. Experiments were conducted in triplicate for each line (50 seeds each).
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Supplementary data are available at PCP online.
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